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Survival of Plant Tissue at Super-Low Temperatures V.
An Electron Microscope Study of Ice in Cortical

Cells Cooled Rapidly
A. Sakai and K. Otsuka

The Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan

leceiv ed July 11. 1967.

Summnary. EIxperiments xwere carried out xx-th cortical cells in twig bark of mulberry
trees in winter in order to clarify the mechanism of survival at super-low temperatures
with rapid cooling and rewarming. Attention wxas given to the relation between the
existence of intracellular ice crystals and surxivai.

Cortical cells were cooled rapidly by direct immersioni into liquid nitrogen or isopentane
cooled at various temperatures. After immersion, they were freeze-sulbstituted with
absolute ethanol at -780. They were then embedded, sectioned and examined under the
electron microscope for the presence and distribution of cavities left after ice remiioval.

Cells were found to re,main alive and contain no ice cavities when immersed rapidly
into isopentane baths kept below -600. Those cells at intermediate temperatures from

200 to -450, xere almost all destroNed. It was also observed that many ice cavities
,ere contained in the cells immersed rapidly into isopentane baths at -300. I'he dlata
xeem to indicate that no ice crvstals were formied xhen coole(d rapidly by direct liumersolo

;ito isopentane baths heloxx Or into liquid nitro-gen.

The tissue sections immersed in liquid nitrogen were rapidly transferred to isopentanie
baths at temperatures ranging from -700 to -1() before rapid rewarming. There xw-a

little damage when samples wxece held at temperatures belox -500 for 10 imiinutes or

below -600 for 16 hours. No cavities were found in these, cells. Abo\ve -450, and

especially at -300. however. all cells wvere completelx de.stroyed e\eni xvhen exposed only

for 1 minute. M/lany ice cavities x ere observed throuIghout thiese cells. I'hc result..
obtained may- be explained in terims of the grovth rate of intracelilular ice crysvtal1>.

The rapid cooling and rewarming method ior
ma.ntaining viability at super-ioxv temperatures was
first presented by Luyet (2). MIany attempts to
check this hvpothesis have been made by using various
materials such as plant cells, microorganisms, blood
cells, muscle fibers, etc. Survival was obtained, how-
ever, with only a fewv materials which were especiallv
desiccated (3) or which had been treated wvith ethylene
glycol (4).

Luvet's group (5, 6, 7) have suggested that
damage observed at the higher cooling rates might
lhave been caused by the growth, upon rewarming, of
intracellular crystallization nuclei originally tormed
in the course of rapid cooling to deep temperatures.
To test this hypothesis and to clarify the factors
contributing to survival, th,ey (5, 6, 7) studied phase
transitions and recrystallizationi temperatures occur-

ring in the course of rewarming uisilng water and
-arious aqueouis solutions. This rewarmiiing followed
immersion in an isopentane bath at -700. Survival
curves, supporting the facts obtained wx itlh aqueous
solutions xwere not, howe\ver, measured \x ith plant
tissues (1, 10)). although Luvet's group ( 8 Q) studied
the formiation of intracellutlar ice at highli cooling

Xvelocitiesi which xwere obtained by direct immersioin
into an isopentane bath at -1500 or by immersion
'nto liquid nitrogeni. In the less hardy materials used
by thenii, using the electron microscope, ice cavities
wxere invarialbly- ol-)ser-ed xvithin the cells.

It xvas reported (11, 12, 15, 16) that, in extremely
hardx- cortical cells of xxwoody plants, vxiabilitx was
Maintained when a very rapid cooling wxas combined
xwith rapid rewvarming, ('4) especially xhen this s
al.so combined xith the prefreezing method (11. 12.
13, 14). Survival curves relating the facts concerin-
ug(y recry-stallization demlonistrated xvith aqueous solu-
tioIns, to survival. xvere first obtaine(d by Sakai (15,
1 6 ) TThe resuilts mlay be explained in terms of the
.>ize of the crx-stals formed xvithin the cells. At high
cooling rates, the i-e crystals that form in the cells
miiay be small enotlgh to be innocuoti,; xhen rexvarm-
iiug i! carried out rapidly, they miielt before they- have
time to -row. All cells remaini alive. At inter-
mediate cooling rates, survival rates rl-emain x-ery lox
c evn xx hen rewarmiied rapidly. 'The ice crvstals that
form in the cells during cooling mnay be large enough
to be immediately(damagaing. At lox cooling rates.
the cry--talc. shouild b) still larger- buit they imay forni
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FIG. 1. Cortical cells in a tissue section rapidly immersed into liquid nitrogen and then rewarmed in water
at 300. All of the cells are normally vital stained and plasmolysed. X 800.
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FIG. 3. Electron micrograph of a section of a cortical cell in a tissue section rapidly immersed into liquid nitrogen
and freeze-substituted at -78°. No ice cavity and no disturbance by ice formation can he observed in the cells.
N, Nu, M and S represent nucleus, nucleolus, mitochondrion and starch granule respectively. X 15,000.
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outside the cells. In previous papers (15, 16), how-
ever, no direct evidence supporting this hypothetical
description was presented. To obtain direct evidence,
and especially to clarify the relation between the
existence of intracellular ice crystals and cell survival,
a further studv was made, primarily with the electron
microscope.

Materials and Methods

Cortical parenchyvma cells from winter twigs of
muliberry trees (Morus bombycis Koidz.) were used
as the experimental materials. 'Cells from the same
twvig were used in each series of experiments. This
material is very favorable in determining the per-
centage of survival, becaus-e unlike many other trees
such as willow, poplar, conifers, etc., when 1 cell
layer of cortical tissue is sliced, all of the cells in a
tissue section remain alive (fig 1). This tangential
tissue sections (20-30 u thick, 1-2 mm wide, and
2-3 mm long) were sliced from the cortical tissue of
a twig using the sharp blade of a straight edge hand
razor. These tissue sections were used in each ex-
periment.

To obtain the greatest cooling rate, an unmounted
tissue section was held with a forceps and was im-
imersed directly into liquid nitrogen or into an iso-
pentane bath kept at various temperatures. The
temperature was determined with 0.1 mm Cu-Co
thermocouples and was recorded by an oscilloscope.
'rhe co-oling rate vas usually represented as the time
required for the temperature to fall from about -5°
to within 5" of the final bath temperature.

The viability of cells was determined by the v.tal
staining test using neutral red and by the plasmolvsis
test. Plasmolysis and deplasmolysis were repeated
twice with a 2-fold isotonic balanced salt solution and
water. Normally stained and plasmolysed cells were
regarded as normal.

The i-sopentane bath was cooled at various tem-
peratures ranging from -10 to -110° using a deep-
freezer. Small wire net baskets (1.5 cm in diameter,
3 cmil in depth) were hung in' the baths which were
kept at defin;ite temperatures. An unmounted tissue
section held with forceps was rapidly immersed into
the basket. The basket was then quickly transferred
to albsolute ethanol at -780 (in a beaker buried in
(lrv-ice-alcohol mixture of -78o). In a -350 cold
room, the tissue sections were soon transferred for
fixing and freeze-substitution fronm the ethanol into
a solution of 2 % osmic acid in absolute ethanol at
-780. The freeze-substitution was continued for
2 or 3 weeks. The materials were then washed
twice in absolute ethanol and were embedded in an
epoxy resin in the usual way. For great contrast.
the materials were stained with uranyl acetate and
lead acetate. Normal untreated cortical cells were
fixed with an aqueous solution containing 2 % osmic
acid at room temperature. They were then embedded
and stained in the manner described above.

Results

Survival of Tissue Sections Immersed Rapidly in
Liquid Nitrogcen. To obtain the greatest cooling and
rexvarmingn rates, an unmounted tissue section at room
temperature was held with a thin forceps and rapidly
immnersed into liquid nitrogen. The cooling rate was
approximately 150,0000 per minute. The tempera-
ture was determined, with 0.1 lmm Cu-Co thermo-
couples and w,as recorded by a oscilloscope. An
unmounted tissue section was then rewarmed rapidly
in water at 300 or slowly in air at room temperatures.
All of the cells survived the rapid rewarming (fig 1),
and all were destroyed by the slow rewarming in air.
In the unfrozen controls (fig 2) and in the sections
which were rapidly immersed into liquid nitrogen from
room temperature, no cavities left after ice removal
were dbserved even at a hiigh magnification (fig 3).

Damnage Caused During Rewarming Following
Remnoval from Liquid Nitrogen. Damage can occur
at anv temperature during rewarming following re-
moval from liquid nitrogen. To investigate this
problem, tissue sections immersed in liquid nitrogen
were rapidly transferred to isopentane baths at tem-
peratures ranging from -10 to -8{0 at 100 tem-
perature intervals. Thev were kept there for 10
minutes, 1 hour and 16 hours respectively before
rapid rewarming in water at 300. The results ob-
tained are summarized in figure 4. At the tempera-
tures below -60°, all of the cells remained alive
even when kept for 16 hours. Above -50°, survival
rates abruptly decreased with the rising temperatures,
even n the tissue sections kept for 10 minutes and
1 hour. At -300, all cells were completely destroved,
even when, kept for only 1 minute.

The main characteristic in the survival rates of

-10 -20 -30 -40 -50 -60 -70 -80
BATH TEMPERATURE

FIG. 4. Survival rates of cells transferred rapidly
to isopentane baths kept at various temperatures follow-
ing removal from liquid nitrogen. Tissue sections were
rapidly immersed into liquid nitrogen, and were then
immersed into isopentane baths kept at various tem-
peratures for 10 minutes, 1 hour and 16 hours, respec-
tively, following removal from liquid nitrogen, before
being rapidly rewarmed in water at 300.
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cells in tissue sections removed from liquid nitrogen
and rewarmed in an isopentane bath at -400 is that
only the cells at the periphery of a tissue section are

destroyed. The cells inside remain alive. This dif-
terence is caused by the difference in the rewarming
rate between the periphery and the inside.

In the tissue sections kept at -50° or below for
10 minutes and kept at below -60° for 16 hours
following their removal from liquid nitrogen, no

cavities in the cell sections were observed. In the
tissue sections kept at -300, even when kept only
for 10 minutes, many ice cavities were found through-
ouit the cells (fig 5).

Survival Rates of the Cells Immersed Rapidly into
Isopentane Baths Kept at Various Temtperatures. In
view of the above-mentioned results, it may reason-

ahlyz;l be considered that if tissue sections can pass

rapidly through a temperature range between the
treezing point of the tissue and about -600, the
cells suffer no damage. To check obtained evidence
on this point, an unmounted tissue section held with
a thin forceps was rapidly immersed into isopentane
baths cooled at various temperatures. It was kept
there for 30 seconds before heing rewarmed rapidly
in water at 300. In the temiperatures above about

200, tissue sections were immersed into liquid
paraffin to avoid a toxic effect of isopentane. The
results obtained are shown in figure 6. The main
characteristic of survival is that, in a limited tem-
perature range, survival abruptly decreases or in-
creases from -10° to -300 or from -450 to -600.
In this experiment, an interesting phenomenon in
survival of the cells in tissue sections rapidly immersed
in isopentane bath at -420 is that only the cells at
the periphery of a tissue section remain alive. The
inner cells are completely destroyed, because they are

cooled at a lower rate than those cells at the
periphery.

100 -"
oo

860

6 0

20

0

-10 -20 -30 -40 -50 -60 -70

BATH TEMPERATURE
FIG. 6. Survival rates of cortical cells cooled to and

rewarmed from various temperatures. A tissue section
held with a forceps was rapidly immersed into isopen-

tane or liquid paraffin baths (above -200) at various
temperatures and kept there for 30 seconds before being
rewarmed rapidly.

In the tissue sections rapidly immersed in isopen-
tane baths at -100 and at -600 or below for 30
seconds, no ice cavities can be found with the electron
microscope in any of the sections; in the sections of
the cells rapidly immersed in isopentane bath at -300,
many ice cavities and aborescent structures (the same
as those characteristic of ice formations in solutions).
can be observed within the cells, even when kept only
for 5 seconds (fig 7-1). The ice cavities in the
cells kept for 30 seconds at -300 (fig 7-2) are much
larger than those kept for 5 seconds at --300 (fig 7-1).

Discussion

One essential point in this study is to ascertain
whether or not the cavities seen in the electron
micrographs are replicas of the ice particlies formed
.n the initial rapid cooling.

In electron micrographs of unfrozen materials
in wNhich, of course, there is no ice, no cavity can be
observred. Also, in the outermost parts of the cavities
seen in the rapidly cooled cells, no membrane system,
characteristic in cellular components can be found,
even at a maignification of 30,000. In the tissue
sections immersed rapidly in an isopentane bath at
-300 for 5 seconds (fig /71), a progressive increase
is observed in cavity size from the periphery to the
inside of a cell. This is apparently because of the
difference in the cooling rate. II the periphery,
arborescent structures are observed which are the
same as cavities characteristic in ice formation in
such solutions as gelatiln gels (7). From these facts,
it may be considered that the cavities in the electron
micrographs of the sections of the rapidly cooled
cells are the cavities that were left after freeze-sub-
stitution of the ice particles formed in the initial
ra,pid cooling. Furthermore, as fixing and freeze-
substitution in our experiments are made at -780,
the cavities may be at the sites formerly occupied by
the ice, and they mav have the general size and
orientation of the original ice particle. This result
is unlike that of freeze-drying during which the
dimensions of the cavities may be increased as a
result of post suiblimation drying or of recrvstalliza-
tion at the freeze-drying temperature.

In extremelv hardv cortical cells of winter twigs
of woody plants, it is relatively easy to prevent the
cell water from crystall,ization with rapid cooling and
thus to cause them to maintain their viability at
super-low temperatures.

The main reasons for the success of the exiperi-
ment might be attributed to the following character-
istics of the cells used: 1) high freezing resistance
and, 2) small, thin material, which can be cooled
without a suspending medium. The cortical cells in
summer twigs of the mulberry tree cannot withstand
freezing at -50 and rapid cooling to and rewarming
from deep temperatures, even with the same cooling
conditions used in winter materials. In the middle
of October, the cortical cells of twigs can survive
,freezing at -50. The rapid cooling and rewarming

l1688(
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FIG. 5. Electron micrograph of a section of cortical cells kept at -30° for 10 minutes following removal
fi om liquid nitrogen. Many ice cavities (Ic) ire observed throughout the cell. Cellular organelle cannot
b)e distinguished. W represents cell wall. X 15,000.
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FIG. 7. Electron micrograph of a section of cortical cells rapidly immersed in isopentane at -30° and kept

there for 5 seconds (1) or 30 seconds (2) respectively before being freeze-substituted at -780. Numerous ice
cavities (Ic) with different shape and size and aborescent structures (A) are observed within the cell. V and W
represent vacuole and cell wall, respectively. X 15,000.
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method cannot, however, be successfully applied to
this material, unless these cortical cells are previously
treated with 2 M solutions of dimethyl sulfoxide,
ethylene glycol and sugars. In this reason, after
hardening at 00 for 10 days, the cortical cells became
resistant to freezing at -200. They could survive
rapid imnmersion into liquid nitrogen and subsequent
rapid rewarming in water at 300.

From these facts, it is apparent that the applica-
tion of the ralpid cooling and rewarming method for
maintaining the vialbility of cells at super-low tem-
peratures seems to be limited to the materials with
high freezing resistance. For this reason, there is
limited application of the method for the less hardy
materials used chiefly by many cryobiologists, even
i f the materials could be ultra rapidlv cooled and
rewarmned (1, 10).

The hardy cortical cells in the twigs of mulberry
tree have a high content of sugar., which contribtutes
to the prevention or retardation of injurious intra-
cellular crystalllization thlat occurs during rapid cool-
ing to super-low, temperatures and that results in
lessening the damage to the cells. It may be con-
sidered that another mechanism, pointed out by
Tuman-ov and Krasavtsev (17,18), may be operative
which can protect water in cells from crystallization
during rapid cooling. TWhs may be a structural
change in the protoplast prodtuced during hardening.
Further studies are required to clarify this mechanism.

In the tissue sections that were immersed into
isopentane at -300, all of the cells were completely
destroyed, even after a subsequent rapid rewarming.
In the tissue sections that were immersed in isopen-
tane at about -400, onily the cells at the periphery
of a tissue section retained their viability. The inner
cells were completely destroyed. From this evidence
it can be said that the cooling rate at the periphery
may be greater than that on the inside of the same
tissue section. Further, the -fact that all of the cells
are alive in the tissue sections immersed in isopentane
at temperatures below -60°, indicates that the in-
crease in the cooling rate results in a progressive
increase in survival.

In the process of rewarming following removal
from liquid nitrogen, the opposite phenomena were
observed. Tn tissue sections transferred from liquid
nitrogen to -4C00 for 10 minutes, only the cells at
the periphery of a tissue section were selectively
destroved, whil]e the cell's on the inside remained alive.
Tn' the tisisie sections transferred to -500 following
removal from liquid nitrogen, almost all of the cells
were alive, however, when they were subsequently
transferred to -30o for 1 minute, all were destroved.
These facts and th'e results obtained with the electron
microscope support the idea that the growth of re-
crvstallization nuclei takes place in t'he cells during
the process of a slow rewarming following a rapid
cooling to deep temperatures.

The sturvival curves presented in this paper may
be explained in terms of the growth rate of intra-
cellular ice crystal's. At low temperatures below

-600, the growth rate of ice crystals is so small that
the ice formed in the cells during rapid cooling m-ay
be small enough to be innocuous, even when exposed
for 16 hours. When rewarming is carried out
rapidly, they melt before they can grow, and all cell's
remain viable. At the temperatures above -400, the
growth rate may be great, because the ice formed is
large enough to be immediately damaging. We can
conclude that in the tissue sections immersed rapidly
in the isopentane bath at temperatures from -200 to
-40° or in those rewarmed at the same temperatures
following removal1 from liquid nitrogen, survival re-
mains very low, even with subsequent rapid re-
warming.

For these reasons, the basic factor in maintaining
viability with rapid cooling and rewarming is not
'whether ice is formed within the cells, but rather the
size of the ice crystals. To determine the damaging
size of intracellular ice crystals, further studies are
being made.
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